The respiration of dark-grown Nicotiava glutinosa L. cells in liquid suspension culture was found to be highly cyanide resistant and salicylhydroxamic acid (SHAM) sensitive, indicative of an active alternative respiratory pathway. This was especially true during the lag and logarithmic phases of the 14-day growth cycle. Mitochondria isolated from logarithmically growing cells exhibited active oxidation of malate, succinate, and exogenous NADH. Oxidation of all three substrates had an optimum pH of 6.5 and all were highly resistant to inhibition by cyanide and sensitive to SHAM. Respiratory control was exhibited by all three substrates but only if SHAM was present to block the alternative pathway and divert electrons to the phosphorylating cytochrome pathway. The cyanide-resistant oxidation of exogenous NADH has previously only been associated with Arum spadix mitochondria. Coemergence during evolution of the alternative respiratory pathway and the exogenous NADH dehydrogenase in plant mitochondria as a possible mechanism for removal of cytoplasmic NADH is proposed. Evidence is presented which suggests that mitochondrial assays should be performed at pH 6.5.
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Cyanide-resistant respiration has been described in a wide assortment of plant species (10, 24) . Most of the work has been performed with mitochondria isolated from intact plant tissues (mung bean shoots, skunk cabbage spadices, etc.). With the current interest in plant tissue culture as an experimental tool it was thought to be of importance to characterize the respiration of cultured plant cells. Wilson (28) (29) (30) has examined respiration of isolated mitochondria from cultured sycamore cells and found it to be partially resistant to inhibition by cyanide. RC2 was rather low with a ratio of 2.0 or less. With the discovery of the hydroxamates, inhibitors of the alternate respiratory pathway (22) , it has been reported that they are effective in inhibiting respiration resistant to cyanide or antimycin A in cultured cells of tobacco (21) and soybeans (16) . In the present investigation, using suspension cultured cells of Nicotiana glutinosa L. and isolated mitochondria from these cells, it has been established that respiration is sensitive to the hydroxamate SHAM and the sensitivity varies over the course of the growth cycle. The high sensitivity of respiration to SHAM and the low RC found in mitochondria from these cultures suggests that mitochondrial ATP production is limited. ' The reaction mixture for the respiratory measurements of whole cells consisted of 0.09 M sucrose, 50 mM Mes (pH 6.5). The buffer and pH were determined to be optimum for these cells (11) .
Mitochondrial Isolation. The mitochondrial isolation procedure was similar to that described by Charbonnier and Berville (4 In the presence of cyanide and SHAM, respiration during the entire growth period was inhibited by 92% or higher, indicating that all but a small fraction of the 02 uptake was attributable to the mitochondria.
The effects of cyanide, antimycin A, azide, and rotenone were compared in the presence and absence of SHAM (Table II) . Antimycin A (5 g/L) and rotenone (0.1 mM) were only slightly inhibitory to cell respiration while cyanide and azide (5 mM) inhibited respiration by 22 and 61%, respectively. These results show that the respiration of cultured tobacco cells is more or less similar to that of differentiated tissue.
Mitochondrial Isolation. Several methods of isolation were tested in efforts to obtain a mitochondrial preparation which would exhibit a high RCR. Of the several procedures used, none gave an RCR greater than 2.0 and 2 mM SHAM had to be present for any RC to be observed (Table III) . Purification of mitochondria on a discontinuous sucrose gradient (6) (27) . Inhibition by cyanide was around 30% through the entire pH range. Inhibition by SHAM in general, was near 50% in the middle of the pH range and then dropped to 15% at pH 7.0. Inhibition in the presence of cyanide and SHAM was 90% or higher from pH 5.0 to 6.5 but somewhat less (71%) at 7.0.
Succinate. The oxidation of 10 mm succinate was negligible at pH 4.5 and 5.0 but increased rapidly thereafter until the optimal pH of 6.5 was reached (Fig. 1) (Fig. 1) (Fig. 2) . Azide and cyanide inhibited malate oxidation 41 and 35%, respectively, whereas antimycin A caused a 23% inhibition. In the presence of SHAM, cyanide and antimycin A respiration was inhibited by 94 and 92%, respectively, while azide produced only a 78% inhibition. In contrast with the cell respiratory studies, azide did not inhibit Cyt oxidase or the Cyt chain to the extent of antimycin A or cyanide. Again, these data show that mitochondria from cultured tobacco cells are basically similar in many respects to those from differentiated tissue.
DISCUSSION
We have shown that the respiration of N. glutinosa suspension cultured cells was highly cyanide-resistant during the lag and logarithmic phases of growth. In addition, SHAM was a significantly more effective respiratory inhibitor than cyanide during the same growth phases. We conclude therefore that respiration was mediated mainly via the alternative respiratory pathway. It has beTn suggested that lipoxygenase is responsible for much of the cya'nide-resistant 02 uptake in some systems (7, 8, 20) but inasmuch as this enzyme is mainly associated with lipid degradation it is hard to conceive of lipoxygenase playing a significant role during exponential growth (26) .
Our data supports the overflow hypothesis (13) in which it is postulated that the alternative pathway is active during periods where there is an abundance of carbohydrate relative to the demand. In our system, the growth medium initially contained 3% sucrose and then declined during the two week growth cycle.
Mitochondria isolated from cells in the logarithmic growth phase exhibited malate oxidation that was also highly cyanideresistant and SHAM-sensitive, and the inhibitory characteristics were quite similar to whole cell respiratory inhibition only if the mitochondrial assay was performed near pH 6.5 (compare Table   I with Fig. IA) . Moreover, all three mitochondrial substrates had optimum oxidation rates at pH 605 ( Fig. 1 ; also Ref. 16 ). Because most mitochondrial respiratory assays are performed at alkaline pH (7.2-7.5) this may be a significant problem.
The chemiosmotic hypothesis (17) (29) in which mitochondria isolated from Acer pseudoplatanus suspension cultures were inhibited 90% by cyanide. Our data fit better, however, with the accepted general scheme of the plant mitochondrial electron transport chain in which electrons from exogenous NADH are passed to ubiquinone and from there to either the Cyt or the alternative respiratory pathway (1, 12, 25) .
The ability of mitochondria in some situations (e.g. Arum spadix, cultured cells) to pass electrons from exogenous NADH to the alternative oxidase raises some interesting possibilities. Both the alternative respiratory pathway and the exogenous NADH dehydrogenase are found only in plant mitochondria. It is conceivable therefore that both enzymes evolved together for the purpose of removing excess reducing equivalents from the cytoplasm without the concomitant production of ATP. This may be the case during those periods of rapid growth, e.g. logarithmic phase, when intermediates of the TCA cycle are being removed for amino acid biosynthesis and must be replenished by a rapid carbon flux through glycolysis, thereby producing cytoplasmic NADH. Thus, the supply of carbon skeletons may be the limiting factor in rapid growth and are therefore increased at the expense of ATP synthesis (13) . The data presented here support this hypothesis inasmuch as the period of high cyanide-resistant respiration is the period of maximum synthetic activity. Electron flux from cytoplasmic NADH to the alternative oxidase should not result in ATP production since the alternative pathway is generally thought to be nonphosphorylating. It should be mentioned however, that a recent report provided good evidence of a phosphorylation site on the alternative respiratory pathway (31) .
